Context. Atomic data for K-shell transitions are essential for modeling the K absorption lines, which have been observed in the spectra of active galaxies by high-resolution X-ray observatories, e.g. XMM, Chandra, and Suzaku. These accurate atomic data are also needed for line identifications and spectroscopic diagnostic of plasmas in laboratory generated by laser or beam-foil method. Aims. We calculate atomic data using the atomic code flexible atomic code (FAC) taking relativistic effects and configuration interactions into account. Methods. We calculate the K-shell transitions among the configurations of 1s 2 2s 2 , 1s 2 2s2p, 1s 2 2p 2 , 1s 2 2sn l , 1s 2 2pn l , 1s2s 2 2p, 1s2s2p 2 , 1s2p 3 , 1s2s2pn l , and 1s2p
Introduction
K-shell absorption features in active galaxy nuclei (AGNs) and quasars have been detected by X-ray observatories, such as XMM-Newton, Chandra, and Suzaku (Kaspi et al. 2000; Sako et al. 2001; Krongold et al. 2003; Holczer et al. 2007 ). Silicon absorption features are among those often observed (Kaspi et al. 2001 (Kaspi et al. , 2002 Kallman et al. 2009 ). The He-like Si absorption lines have been used to determine the outflow velocities (Young et al. 2005) , and the He-like triplet component ratios are most often used as temperature and density diagnostics (Gabriel & Jordan 1969; Porquet et al. 2000) . The column density, ionization state and velocity of the absorbing gas surrounding the central engine have been measured by modeling these high resolution spectra. Furthermore, the mechanisms of driving disk wind onto black holes have been able to be determined (Miller et al. 2006) . In addition to absorption lines originating in He-like ions, K-shell absorption lines from low ionizing ions are also often detected, such as the Li-like oxygen and carbon ions (Lee et al. 2001; Sako et al. 2003) , and Be-like oxygen ions (Holczer et al. 2010 ). The Be-like Si xi lines are also commonly detected for AGNs (Mercedes et al. 2010) , disk winds around compact objects (Miller et al. 2006) , and the interstellar medium (ISM) (Lee et al. 2001 ). However, a lack of reliable atomic data has impeded progress in modeling and analyzing these high resolution spectra; particularly, it is difficult to identify plenty of weak lines (Kallman et al. 2009) .
Various experiments and calculations have been carried out to derive these data. Using the beam-foil method, Trabert et al. (1979 Trabert et al. ( , 1982 reported the X-ray spectra of foil-excited fast Complete Tables 1, 3 , and 4 are only available in electronic form at the CDS via anonymous ftp to cdsarc.u-strasbg.fr (130.79.128.5) or via http://cdsweb.u-strasbg.fr/viz-bin/qcat?J/A+A/522/A103 H-like to Be-like silicon ions. These emission lines originate mainly from 2p-1s transitions. Mosnier et al. (1986) derived similar results for a smaller energy range but at higher resolution. Unlike the inner-shell excitation populating the excited levels in the beam-foil experiment, dielectronic recombination is more important in laser plasma experiments. Faenov et al. (1994) reported the wavelengths of an He-like ion resonanceline satellites from Be-like silicon ion in a CO 2 laser plasma, and used MZ code (Vainshtein & Safronova 1978 , 1980 to compute the wavelengths, A-values, and Auger rates. Chen (1985) calculated the K-vacancy level energies, wavelengths, A-values, and Auger and radiative widths of Be-like ions using the multiconfiguration Dirac-Fock (MCDF) method. The wavelengths, transitions probabilities, and autoionization rates of Be-like isoelectronic sequences were computed by Nilsen et al. (1995) with the MZ code, while the wavelengths and oscillator strengths for the 1s-np (n ≤ 3) transitions in ions of Ne, Mg, Al, Si, S, Ar, and Ca were calculated by Behar & Netzer (2002) using the HULLAC (Hebrew University Lawrence Livermore Atomic Code). Palmeri et al. (2008) computed the level energies, wavelengths, A-values, and radiative and Auger widths for K-vacancy state of Ne, Mg, Si, S, Ar, and Ca with the codes HFR (Cowan 1981) and AUTOSTRUCTURE (Badnell 1986 (Badnell , 1997 .
Previous work has mainly concentrated on the 1s-2p transitions between the configurations 1s  2 2s  2 , 1s  2 2s2p, 1s  2 2p  2 ,  1s2s  2 2p, 1s2s2p  2 , and 1s2p 3 , namely between ground states/low excited states and K-vacancy states. Few works related to K-shell transitions from high excited states have been reported yet these transitions are important and necessary to model and analyze the absorption spectra of radiatively heated plasmas (Jin et al. 2008; Wei et al. 2008) . The K-shell absorptions lines originating from these high excited states of Be-like O v have been observed (Holczer et al. 2010) . Similar transitions from Si xi are expected to account for the unidentified lines in warm absorbers around compact objects (Kallman et al. 2009) .
In this work, we report the results of K-shell transitions between 1s 2 2s 2 , 1s 2 2s2p, 1s 2 2p 2 , 1s 2 2sn l , 1s 2 2pn l , 1s2s 2 2p, 1s2s2p 2 , 1s2p 3 , 1s2s2pn l , and 1s2p 2 n l , n ≤ 4, l ≤ n .The calculated energy levels and wavelengths are compared with available experimental and theoretical results in Sect. 2, while radiative rates and oscillator strengths are discussed in Sect. 3. Two supplementary tables are described in Sect. 4, and the summary and conclusions are drawn in Sect. 5.
Energy levels and wavelengths
We employed flexible atomic codes (FAC) developed by Gu (2003) to calculate the atomic data. These are fully relativistic codes based on the Dirac equation that account for configuration interactions. The basis state functions are constructed by radial orbitals generated from a modified Dirac-Fock-Slater central-field potential in the self-consistent iteration procedure. This potential is optimized for a fictitious mean configuration with fractional occupation numbers to represent the electronic screening effect. Level energies of a specific configuration are then corrected by applying the difference between the configuration's average energy calculated by this potential and that calculated by the potential optimized to this configuration. Table 1 . There is a lack of both theoretical and experimental data related to K-shell transitions from high excited levels, namely levels belonging to configurations of 1s 2 2sn l and 1s 2 2pn l . These two sets of model calculations could be used to assess the accuracy of our energy levels. The energy differences between these two sets of values are mostly smaller than 1 eV. The largest energy difference is no greater than 1.5 eV, which suggests that the effects of different configurations in our calculations are generally small (<2%).
Although we could only concentrate on judging the accuracy of K-shell transition results from ground/low excited states of FAC2, these comparison results could give us some measure of the accuracy of our results. Compiled energy levels of Si xi can be found in NIST database version 3.1.5 (Ralchenko et al. 2000) and are listed in Table 1 (hereafter, NIST). For all the available energy levels considered here, the differences in energy level between experiments and FAC2 are smaller than 2 eV. Palmeri et al. (2008) calculated energy levels and radiative rates for K-shell transitions in the Si isonuclear sequences and other elements. Their calculations are based on the code HFR (Cowan 1981) , which calculates the atomic structures with nonorthogonal orbital bases optimized for each configurations. The relativistic corrections, such as the spin-orbit interactions, the non-finestructure mass variations, and the one-body Darwin correction, are applied to the Hamiltonian to calculate the wave function.
The two-body Breit interaction is neglected. Forty levels of Si xi from their results are also listed in Table 1 (hereafter, HFR1). As stated above, their transitions includes configurations between K-vacancy states and ground/low excited states, which are the same as our FAC1 model. The energy differences between their results and NIST are smaller than 2 eV, which is comparable to our results. Detailed level by level comparison shows that the differences are smaller than 1.5 eV between FAC2 and HFR1. The agreement is even closer between FAC1 and HFR1 because the same configurations are used in the calculations. In conclusion, the energy levels listed in Table 1 from our FAC2 or the results of Palmeri et al. (2008) are accurate to 2 eV. However, there is minor differences in level ordering in K-vacancy states, e.g., levels 18, 19, 20, and 21 in Table 1 . As mentioned above, the reason for this is that, Palmeri et al. (2008) neglected the Breit effects. Apart from this, configuration interactions have also some effects on this ordering, e.g. the level order 19 and 20 are exchanged in our FAC1 and FAC2 results. Similar results were found by Aggarwal et al. (2005) . We note that the level ordering of FAC2 is consistent with those listed in the NIST database.
The measurement of wavelength for these K-shell transitions is difficult. In the laboratory, when restricted by the spectral resolution, lines cannot be separated from each other, and form a line band (Mosnier et al. 1986 ). These high excited K-vacancy states may also decay by means of autoionization process instead of fluorescence yielding. Thus, the intensities of these emission lines from Si xi are very weak. Furthermore, the observed spectra in laser plasma experiments are usually time integrated, which increases the complexity of spectra analysis and line identification. The available measurements of the wavelengths of Si xi are listed in Table 2 .
Compared to the measured wavelengths listed by Faenov et al. (1994) , the average wavelength differences are 0.4 mÅ ± 2 mÅ. Similarly good agreements (2.5 mÅ) are also found when comparing our theoretical wavelengths with the experimental results reported by Trabert et al. (1979) . When compared with the experimental wavelengths from Mosnier et al. (1986) , however, relatively large discrepancies are found. The average difference increases from 0.4 mÅ to 14 mÅ (see Table 2 ). In their work, we note that, wavelengths for the same transitions differ from those of Faenov et al. (1994) . Agreement cannot be achieved even if the experimental errors are taken into account. One possible explanation is that these Si xi lines have been misidentified due to very weak intensities in this beam foil experiment.
Theoretical calculations of the wavelengths of He-like resonance-line satellites of Be-like ions (12 ≤ Z ≤ 30) are reported by Boiko et al. (1979) using relativistic Z-expansion method (Safronova & Urnov 1979) . As shown in Fig. 1 , the largest wavelength difference is smaller than 6 mÅ. The average wavelength difference between our results and theirs is 1 mÅ ± 2.4 mÅ. Boiko et al. (1979) also reported the experimental measurements, which were reanalyzed by Faenov et al. (1994) . Comparison with those wavelengths presented by Palmeri et al. (2008) are also shown in Fig. 1 . The agreement with HFR1 is generally closer than 5 mÅ and improves as the wavelengths decrease. The average wavelength difference is 1 mÅ ± 1.8 mÅ. This is unsurprising if we note that their results have been empirically shifted to the experimental wavelengths listed by Faenov et al. (1994) . No wavelength shifts were performed in our FAC2 calculations. The wavelength of the strongest K-transition from the ground state for Si xi listed by Behar & Netzer (2002) is 6 mÅ longer than the FAC2 results. This is also in agreement with other theoretical calculations. Combining these comparisons, we conclude that the wavelengths computed with FAC2 are accurate to about 10 mÅ. Palmeri et al. (2008) . NIST: level energies compiled in NIST database (Ralchenko et al. 2000) .
•: levels with orderings changed by inclusion Breit effects. (Palmeri et al. 2008) . λ c : laser plasma experimental results from Faenov et al. (1994) . λ d : beam foil experimental results from Trabert et al. (1979) . λ e : beam foil experimental results from Mosnier et al. (1986) . (Palmeri et al. 2008) . Cross: relativistic Z-expansion method (Boiko et al. 1979) .
Radiative rates
The radiative rate, namely the A-coefficient value in the calculation of Behar & Netzer (2002) , for the strongest 1s-2p absorption lines of Si xi, is 3.17E + 13s −1 . This value is in excellent agreement with our results (3.33E+13s −1 ). A test of the accuracy of our results is made by performing a detailed comparison with those from Palmeri et al. (2008) . However, as stated above, only the radiative rates for transitions from ground and low excited states can be assessed because of a lack of data for transitions from high excited states. All the high radiative rates in our calculations (>1E + 13s −1 ) show good agreement with theirs (within 10%), while around 78% of our transitions show agreement to within 20% (see Fig. 2 ). We note that discrepancies of several magnitudes are found for a few weak transitions. Aggarwal et al. (2005) suggested that this differences can be attributed to the different configurations involved in different calculations. Apart from this, strong level mixing and the different methods adopted in the calculations may also cause large differences (Liang et al. 2009 ). The effects of configuration interactions on radiative rates are tentatively tested by comparing between our results obtained from 40 and 680 level models, respectively. Although large differences are found between the results of FAC1 and FAC2 for weak transitions, agreements are generally achieved within 20% for strong transitions (see Fig. 2 ). In fact, totally 76% of the transitions are within 20% when compared FAC2 with FAC1.
Supplementary electronic tables
Two electronic tables are supplied as a supplement to this paper. The energy levels of all the configurations mentioned in Sect. 2 are listed in Table 3 . The total angular quantum number, parity, and state configurations are also included. It should be noted that, because of including the configurations from high excited states (e.g. 1s 2 2sn l , 1s 2 2pn l ), the order of the energy levels differs from those listed in Table 1 . From level 11, all the level indices listed in Table 1 need to be added 88 when they are listed in Table 3 . The computed wavelengths, A-values, and absorption oscillator strengths are tabulated in Table 4 with their level index (listed in Table 3 ) for upper and low levels. (Palmeri et al. 2008) . Circles: FAC1 (with radiative rates greater than 1E+13(s −1 )). The agreement is generally to within 20% for the majority of the transitions in both comparisons. 
Summary and conclusions
We have presented the energy levels, wavelengths, radiative rates, and oscillator strengths for the K-shell transitions of Si xi calculated with the fully relativistic atomic code FAC (Gu 2003) . The transitions between high excited states and K-vacancy states are presented for the first time. Detailed comparison with experimental and theoretical results has been carried out for the transitions between ground/low excited states and K-vacancy states.
The energy levels reported here agree with the results compiled in the NIST database and the theoretical results of Palmeri et al. (2008) to within 2 eV. Average wavelength differences are smaller than 3 mÅ when compared with the experimental results from Faenov et al. (1994) and Trabert et al. (1979) , while large wavelength differences (up to 14 mÅ) are found compared to the experimental wavelengths measured by Mosnier et al. (1986) .
Comparison of present FAC2 wavelengths with theoretical results from Palmeri et al. (2008) and Boiko et al. (1979) confirms that the average wavelength differences are smaller than 3 mÅ. No wavelength shifts need to be applied to our results. The radiative rates have an accuracy of around 20% for the majority of our transitions.
As mentioned in the introduction, absorption transitions from high excited states to K-vacancy states may account for the unidentified lines in compact objects (Kallman et al. 2009 ). However, the detailed modeling and spectral analysis to study this idea are out of scope of this paper. Future work will extend similar calculations to other silicon isonuclear ions.
